CO oxidation under mild conditions is investigated computationally for the catalysts based on a single transition metal (Sc-Zn) embedded at the Se vacancy of a PtSe 2 monolayer. The iron-embedded FePtSe 2 monolayer is identified as the most suitable catalyst among the investigated systems. Both, Langmuir-Hinshelwood (LH) and Eley-Rideal (ER) reaction paths were considered for the CO oxidation by adsorbed O 2 molecules and by adsorbed O atoms. The CO oxidation by O atoms bound to Fe-PtSe 2 proceeds via the ER mechanism in a single reaction step with a small activation barrier (21 kJ mol
Introduction
An efficient CO oxidation is considered as the most practical process for CO removal, in particular in fuel cells where CO is the catalytic poison.
1,2 The practical importance of the CO oxidation has triggered the search for suitable catalysts with high activity. A high catalytic activity of gold nanoparticles (NP) on an oxide support in CO oxidation by molecular oxygen has been reported already in 1987 by Haruta et al. 3, 4 and this catalyst still serves as a benchmark catalyst for other catalysts tested for CO oxidation. It is generally accepted that CO binds on Au NPs while O 2 adsorbs on Au NPs only at temperatures below 170 K and several models were proposed for the O 2 activation at higher temperatures. 5 A number of other catalysts were tested for the CO oxidation reaction, including Pt-group metals, however, they are an order of magnitude less active than Au NPs. 6 This lower activity is assigned to strong interaction of CO with metals that prevents O 2 from being adsorbed and activated. A promising way to improve the catalytic activity of Ptgroup metals is the reduction of NP size to sub-nano or even to single atoms. It is apparent that in addition to low reaction barriers an efficient CO oxidation catalyst should have sufficiently strong interaction not only with CO but also with O 2 . Better catalytic performance has been shown for particles with reduced size; a particle size reduction leads to increased number of available surface sites and other advantages such as exposed unsaturated metal centers, 7 quantum size effects 8 and metal-support interactions.
9,10 Sub-nanometer metal clusters have been reported to further improve the catalytic performance. 11, 12 The single-atom catalysts (SAC), [13] [14] [15] where the single metal atom anchored on metal surface, metal oxide, 16, 17 graphene 18, 19 or ion-exchanged metals in porous materials, represents the catalytically active site, were also considered for CO oxidation under mild conditions. Nanoparticles have lower energy barriers than single crystal metal surfaces; e.g., supported Au nanoparticles exhibit lower energy barriers (35-39 kJ mol À1 ) 20 than stepped Au surfaces. 21 A single Au atom on FeO x (ref. 22 ) also exhibits high activity, similar to that reported for small Au (2-3 nm) nanoparticles while there is a very small Au loading (0.03 wt%) in Au 1 /FeO x catalyst. These experimental ndings agree well with the theoretical investigation that reports barrier of only 0.31 eV (30 kJ mol À1 ) for single Au atoms supported on graphene. 23 Therefore, SACs are considered as suitable catalysts for CO oxidation.
Among SACs, catalysts based on the single metal atom embedded in two-dimensional atomically thin materials have drawn signicant attention. 24 Graphene was considered as a potential support for metal atoms; several graphenesupported transition-metal (TM) atoms were theoretically predicted to show a high catalytic activity, including Au, 23 Fe, ). 36 It is clear that the transition metal (TM) embedded in vacancies of otherwise inactive TMD layered materials are legitimate candidates for efficient catalysis of CO oxidation. A single-crystal monolayer platinum diselenide (PtSe 2 ), a new type of single-layer TMDs, has been recently prepared experimentally using the direct selenization of Pt(111) surface. 37 Potential applications in optoelectronics, photocatalysis and for valleytronic devices were proposed. Monolayer PtSe 2 consists of three atomic Se-Pt-Se layers similar to MoS 2 and it could be also a promising substrate for the single metal atom catalysts. As for the metal embedded MoS 2 , the S vacancy could be formed by the low energy argon sputtering 38 or electron irradiation; 39 subsequent metal vapor deposition leads to the metal atom embedding on MoS 2 surfaces. The same procedure can be also proposed for the preparation of TM-PtSe 2 catalysts. The structure and properties of transition metals-embedded PtSe 2 systems are reported herein based on the density functional theory (DFT) investigation. A potential of these materials as a catalyst for CO oxidation is the main target of our investigation. First, the TM embedded PtSe 2 (TM ¼ Sc-Zn) materials were computationally screened to select the most promising catalyst for CO oxidation. Second, CO oxidation reactions over the Fe embedded PtSe 2 surface were explored, considering both Eley-Rideal (ER) and Langmuir-Hinshelwood (LH) mechanisms.
Computational methods
Calculations were performed at the density functional theory (DFT) level with the projected augmented wave (PAW) approximation as implemented in Vienna ab initio simulation package (VASP 5.3.3). [40] [41] [42] The generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and a 500 eV cutoff for the plane-wave basis set were adopted. The Brillouin zone was sampled with the MonkhorstPack 43 special k-point mesh on 3 Â 3 Â 1 grid. Geometry optimizations were performed with a convergence threshold of 10 À5 eV for a total energy and 0.01 eVÅ À1 for the force. All atoms were allowed to relax during the geometry optimizations while the optimized lattice constant was kept xed. Transition states on the reaction path were located with the climbing image nudged elastic band method (CI-NEB) 44 and the dimer algorithm 45 as implemented in Transition State Tools for VASP (VTST). 46 Vibrational frequencies were calculated for stationary points along the reaction path to identify the character of individual stationary points. Activation barriers of elementary reaction steps were recalculated with the hybrid PBE0 exchange correlation functional.
47,48
The PtSe 2 layer was represented by the 4 Â 4 supercell (Fig. 1a) and the interlayer distance of 15Å was adopted to avoid the articial interlayer interactions within the periodic model. The structure of the PtSe 2 and localized densities of states (LDOS) projected on Pt(5d), Pt(6s) and Se(4p) orbitals are shown in Fig. 1 ; a position of the Se atom to be replaced by the TM atom is also shown. The calculated lattice constant of PtSe 2 monolayer (3.75Å) is in good agreement with the experimentally observed value (3.7Å).
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The binding energy of TM atom in the Se vacancy is dened as:
where E tot (TM-PtSe 2 ), E(V Se /PtSe 2 ) and E(TM) stand for the total energy of the TM embedded PtSe 2 , the monolayer PtSe 2 with a Se vacancy and the cohesive energy of bulk metal, respectively. Adsorption energies of CO, O 2 and CO 2 were calculated as:
where E(molecule/TM-PtSe 2 ), E(TM-PtSe 2 ), and E(molecule) stand for the total energy of the adsorption complex, bare TMPtSe 2 surface, and the molecule in the gas phase, respectively. The DFT-D3 method of Grimme was employed to evaluate the dispersion contribution for the adsorption. Rate constants to be used in kinetic analysis were calculated using the following formula:
E a is the activation energy of an elementary step, and q and q s are partition functions of relevant stationary points on the potential energy surface; the effect of vibrational degrees of freedom is included for molecules bound on the surface while translational, rotational, and vibrational degrees of freedom are included for molecules in the gas phase. Only those degrees of freedom related to Fe atom and surface species are considered in frequency calculations.
Results and discussions
The suitability of TM embedded in PtSe 2 monolayer (TM-PtSe 2 ) for the catalytic oxidation of CO under mild conditions was rst screened with respect to the criteria stated for the suitable catalytic system previously: 50 (i) the total activation energy of CO oxidation should not be higher than about 1 eV (96 kJ mol À1 ).
( Fig. 3a . Spin densities also shown in Fig. 3 are mainly located on the Fe atom (2.889 m B ) and the three next-nearest neighbor Se atoms (À0.091 m B for each). The spin-polarized DOS of PtSe 2 and Fe-PtSe 2 shown in Fig. 3c indicate that conduction and valence bands differ signicantly around the Fermi level. The band structure around the Fermi level is mainly attributed to Fe(3d) and Pt(5d) orbitals.
The stability of the Fe atom bound at the Se vacancy with respect to Fe adsorbed on the Se surface has been also investigated. The adsorption of Fe atom on the Se surface in the vicinity of the Se vacancy can take place either on the center of the Se-Pt-Se hexagonal ring (Fig. 4, FS1 ) or on the top of Pt (Fig. 4, FS2) . Corresponding adsorption energies (À140 and À91 kJ mol À1 , respectively) are both signicantly smaller compared to adsorption at the Se vacancy (À258 kJ mol À1 ). Energy barriers . Distance between Pt and TM atoms r(TM-Pt) and distance of TM atom from the Se layer (D, negative sign means TM atom is below Se) reported inÅ. for the Fe atom migration from the Se vacancy to Se-Pt-Se hexagonal and to Pt top sites are 230 and 224 kJ mol À1 , respectively. All these results indicate that Fe atoms are preferentially located at the Se vacancies and both thermodynamic and kinetic characteristics are not in favor of a Fe atom migration on the surface and formation of Fe clusters.
Adsorption of O 2 and CO on Fe-PtSe 2
The most energetically favored adsorption complex of O 2 on FePtSe 2 is a side-on conguration with the adsorption energy À156 kJ mol À1 at the PBE level of theory (Fig. 5a ). The dispersion contribution accounts for additional À26 kJ mol
À1
. The projection of oxygen bond in the basal plane almost coincides with one of the three Fe-Pt bonds, and the distances between Fe-O1 and Fe-O2 are 1.80Å and 1.86Å, respectively. The bond length of O1-O2 is elongated from 1.21Å (gas phase value) to 1.39Å. The Bader charge analysis shows 0.77 |e| transfer from As for the adsorption of CO on Fe-PtSe 2 , the most stable conguration is a C end-on conguration as shown in Fig. 5c . The Fe-C distance is 1.71Å and the C-O bond length changes from 1.14Å (the gas phase value) to 1.17Å, showing just a moderate activation of CO. The charge transfer from the substrate to CO is calculated to be 0.40 |e| and the charge density difference depicted in Fig. 5d shows the charge accumulation on the Fe-C bond. Furthermore, the Bader charge analysis shows only 0.08 |e| transfer to O, while 0.32 |e| transfers to C. The adsorption of CO reduces the magnetic moment of Fe-PtSe 2 to 0. The calculated CO adsorption energy is À125 kJ mol À1 , and the dispersion corrected value is À153 kJ mol À1 . The changes in geometry of the Fe/PtSe 2 due to the adsorption of CO and O 2 and during the course of the reaction are also shown in Table 4 where Pt-Fe and Se-Fe distances are also reported. Note that adsorption of O 2 as well as the structure of some reaction intermediates results in the symmetry lowering; therefore two values for individual Pt-Fe and Se-Fe distances are reported in those cases.
CO oxidation catalyzed by Fe-PtSe 2
Two well-known mechanisms for CO oxidation, Eley-Rideal (ER) and Langmuir-Hinshelwood (LH) mechanisms 25, 27 are both investigated. If the adsorbed O 2 is attacked by the CO molecule from the gas phase directly (CO does not equilibrate on the surface), the reaction proceeds via ER mechanism. Otherwise, the reaction starts by the co-adsorption of CO and O 2 molecules and it is followed by the formation of a peroxo-type intermediate state and completed by desorption of CO 2 (LH mechanism). The activation energy barriers were calculated at the PBE0 level (single point energy calculations at structures optimized at the PBE level). As shown above the Fe site of Fe-PtSe 2 is preferentially occupied by O 2 . The weakly interacting adsorption complex of CO on O 2 /Fe-PtSe 2 is taken as the initial structure for both reaction pathways (denoted IS in Fig. 6 ) and its energy is taken as a reference. The ER mechanism proceeds in a single reaction step (red path in Fig. 6) ; it starts directly with the formation of TS structure (barrier of 53 kJ mol À1 ) that leads to the CO 2 molecule weakly adsorbed on O/Fe-PtSe 2 (structure denoted MS). The reaction is completed by desorption of adsorbed CO 2 molecule to the gas phase which is a 6 kJ mol À1 endothermic step (not accounting for dispersion). The LH mechanism (blue path in Fig. 6 ) starts with the formation of adsorption complex where both O 2 and CO molecules are bound to a single Fe atom (MS1 complex). 53 This (Fig. 7) . The energy of weakly interaction CO adsorption complex (IS in Fig. 7) is again taken as reference energy. CO 2 is formed in a single exothermic (À237 kJ mol À1 ) reaction step with the activation barrier of 21 kJ mol
À1
. Adsorbed CO 2 thus formed can readily desorb from the surface. Thus the reaction of CO with O adatom (O/Fe-PtSe 2 ) proceeds via ER mechanism and it has signicantly smaller activation barrier than the reaction of CO with adsorbed O 2 (O 2 / Fe-PtSe 2 ). Relevant geometrical parameters are listed in Table 2 .
Our calculations show that CO oxidation catalyzed by FePtSe 2 proceeds via a peroxo-type intermediate (Fig. 6) . The CO oxidation over single Fe atom on the graphene has been proposed to go through a carbonate-like intermediate with an energy barrier of 0.57 eV. 25 Rather similar observation has been reported for CO oxidation by single Pt atom;
19 for a Pt atom on the pristine graphene and for the Pt atom embedded in graphene single-atom vacancy reaction paths via carbonate-like and peroxo-type intermediates were found. 27 It is apparent that the CO oxidation mechanism depends on the electronic structure of transition metal atoms that, in turn, depends on the type of metal-support interactions.
Overall reaction rate is thus determined by the reaction of CO with adsorbed O 2 molecule described above. While the ER mechanism consists of single reaction step (DE s ¼ 53 kJ mol À1 ), the LH mechanism requires three reaction steps characterized with barriers DE s ¼ 10, 72, and 44 kJ mol À1 for TS1, TS2, and TS3, respectively. To understand which of the mechanisms prevails, the reaction rates were calculated for both ER and LH paths using eqn (3) for rate constants. CO in the gas phase and O 2 adsorbed on the Fe sites were taken as reactants for both process.
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where p CO and [(O 2 ) ads ] stand for CO partial pressure and concentration of O 2 molecules adsorbed on Fe sites, respectively. 
Rate constants calculated using eqn (3) for T ¼ 300 K (Table  3) give ratio k ER /k LH ¼ 1.1, leading to the conclusion that both reaction paths are possible for this catalyst. Rate constants ratios calculated for 250 K and 350 K are 0.5 and 1.9, respectively, indicating that LH mechanism will be more favored at lower temperatures.
Results reported above show that the catalytic oxidation of CO proceeds readily on Fe-PtSe 2 under mild conditions.
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Activation barriers are comparable to those reported in the literature for other SAC systems based on 2D layered materials (Table 4 ). Results reported in Table 4 are based on DFT calculations employing either local or semi-local exchange-correlation functionals. However, our results show that there is a qualitative difference between the results obtained with semilocal and hybrid functionals: changing the level of theory from PBE to PBE0 results in an increase of the activation barrier for rate determining step along LH path from 45 to 72 kJ mol À1 and in a decrease of activation barrier for ER path from 63 to 53 kJ mol À1 . In addition, the analysis of the preferable reaction path based only on activation barriers can be misleading; even if the ER barrier is 20 kJ mol À1 lower than activation barrier on LH path, calculated rate constants are comparable for both reaction paths. The rate constants were reported for some catalysts, e.g., supported Au nanoparticles, 55,56 they were not reported for SACtype catalysts summarized in Table 4 . It is therefore difficult to discuss the catalytic activity of particular catalysts reported in Table 4 without knowledge of rate constants. The lowest activation barrier reported so far for mild CO oxidation by SAC 2D systems are 30 and 45 kJ mol À1 found at the PBE level for Augraphene 23 and Au-BN, 57 respectively; this is similar as found herein (at the same level of theory) for Fe-PtSe 2 . Note that activation barriers reported here for the Fe-PtSe 2 catalyst are lower than those reported previously for Pt(111). 58 The effect of dispersion on the stability of individual reaction intermediates was also investigated (using the D3 dispersion correction scheme). Calculated dispersion corrections are relatively constant for all stationary states on both reaction paths investigated herein, thus, the relative energies of individual intermediates are not affected by dispersion. Relative energies of TS1 and TS3 become about 15 kJ mol À1 with respect to other TS's and reaction intermediates. A good catalytic performance of the Fe-PtSe 2 catalyst for the CO oxidation can be attributed to highly localized Fe(3d) states around Fermi level 60 resulting from the Fe-support interaction (Fig. 3c) . A relatively strong interaction of O 2 with these Fe(3d) orbitals leads to weakening of the O-O bond and consequently it results in a low activation barrier found for CO oxidation (Fig. 6) . It has been shown both experimentally and theoretically that iron oxide clusters can catalyze CO oxidation. 61 A good performance of quasicubic a-Fe 2 O 3 nanoparticles in CO oxidation has been reported as well. 62 Our results show that the coordinatively unsaturated single Fe atom can efficiently catalyze CO oxidation, similarly as shown previously for other systems. 63 The rate limiting step in CO oxidation is the O 2 adsorption and activation for various catalysts, e.g., Pt-group metals. Tang et al. have reported that Pt atom located on pristine graphene favors the CO adsorption, however, for the Pt atom embedded in the graphene single vacancy, the adsorption of O 2 is favored. 27 It has been attributed to the electron density transfer from platinum to graphene and corresponding buildup of positive charge on Pt. Similarly in the case of Fe-PtSe 2 catalyst, Fe atom becomes +0.76 |e| positively charged when embedded in Se vacancy. Consequently, the adsorption of O 2 is favored over the adsorption of CO.
Summary
Transition metal-embedded PtSe 2 2D materials were computationally screened to select the most promising catalyst for CO oxidation, considering all 3d transition metals (Sc-Zn). Considering the criteria stated for the suitable catalytic system previously, 50 Fe-PtSe 2 emerged as the most suitable candidate for CO oxidation. The electronic structure, structural stability and reaction mechanisms were investigated in detail for this catalyst. The Fe atom embedded in the Se vacancy of PtSe 2 was found to be sufficiently stable to avoid a metal-cluster formation. The catalytic performance of Fe-PtSe 2 was investigated using the PBE functional for structure optimizations and a hybrid PBE0 exchange-correlation functional for single point energy calculations. The reaction paths of CO oxidation by O 2 adsorbed on Fe-PtSe 2 were investigated for both LH and ER mechanisms. The barrier for rate-determining step of LH reaction path is higher than that for ER path (71 and 53 kJ mol À1 , respectively). Nevertheless, the kinetics analysis shows that both processes have comparable rate constants at 300 K. Langmuir-Hinshelwood mechanism becomes dominant at a lower temperature. The CO oxidation by the O atom adsorbed on Fe-PtSe 2 proceeds via ER mechanism in a single reaction step with only small activation energy of 21 kJ mol À1 . Results reported here indicate that the Fe-PtSe 2 catalyst can efficiently catalyze CO oxidation under mild conditions. Therefore, the iron-embedded Fe-PtSe 2 system is a potential catalyst for CO oxidation.
